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Abstract 
This paper reports on research that was aimed at gaining an understanding of what effect 
varying time intervals between the measurement of two points might have on accuracy and 
precision of a derived distance between those two points.  A series of observations were taken 
with a time interval of both five minutes and 30 minutes, using both single base RTK and 
network RTK, and in both a clear environment and one experiencing substantial multipath.  
Observations at the ends of the ‘line’ were actually the same physical point, allowing ‘zero-
length distances’ to be calculated and analysed.  Results indicate that, when averaging data on 
points for one minute, regardless of receiver manufacturer, and regardless of whether multipath 
is present or not, a time interval of five minutes between measuring points at each end of a line 
produced more accurate results than a 30-minute time interval.  These results are consistent 
with earlier research, but the qualification is that the five minute interval measurements may 
not be considered independent and it is left to the reader to make their own decisions on this 
point.   
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Introduction 
For many surveying applications, engineering and cadastral in particular, real time kinematic 
(RTK) Global Navigation Satellite System (GNSS) observations are used to calculate 
dimensions of a line of interest on the survey.  The dimensions are derived by calculating a 
bearing and distance (and sometimes a height) between two points observed at each end of the 
line, and consequently these distances will be referred to as ‘derived distances’. 
 
Depending on the type of survey being undertaken, specific accuracy standards are normally 
required for the calculated dimensions (usually bearing and distance are of most interest).  For 
example, the Queensland Cadastral Survey Requirements Version 7.0, specifies the 
measurement accuracy of a cadastral survey line as: ‘All surveyed lines (e.g. boundary lines, 
connections) must have a vector accuracy of 10 millimetres + 50 ppm’ (Department of Natural 
Resources and Mines 2015, p. 14).   
 
The accuracy and precision for point positioning using RTK is well established in the literature, 
however these evaluations are not always transferred to derived line dimensions, which are 
necessary for comparison against regulatory surveying standards.  Some notable recent 
exceptions are (Gibbings & Zahl 2014, 2015 (Unpublished), 2015, (Unpublished)).  This series 
of papers essentially report empirical studies into the accuracy and precision of ‘measuring’ 
lines on a cadastral survey from two individual RTK GNSS observations, one at each end of a 
line.  Of interest to later discussions is that, for some of the testing (Gibbings & Zahl 2014, 
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2015, (Unpublished)) the researchers calculated what they called a series of ‘zero baselines’ 
although they acknowledged that they were not true baselines.  Rather, these were distances 
derived from two positions at the same point - logically, in the absence of any measurement 
errors, two positions observed at the same site should produce a derived distance of zero, and 
hence the term they used.  We will use the term ‘zero-length distance’ instead of zero baseline 
in this paper since it more correctly describes the quantity under consideration. 
 
In those earlier studies, observations at each end of the line were taken as close together as 
possible in time (within a few minutes) (Gibbings & Zahl 2015 (Unpublished)). One comment 
that arose from that research was that taking observations in close succession may have a 
positive (overly optimistic) effect on the apparent precisions of the derived distances. 
Recognising that their experimental design was not ideal for isolating this element, the authors 
suggested that this was worthy of more detailed investigation. Little research exists that 
describes the effects on an RTK derived distance as the time between observing the first and 
second point varies (this time difference will be referred to as ‘time interval’ for the remainder 
of this paper).  In some instances, on field surveys, considerable time can elapse between 
observation of the two points (hours, or even days) while in other cases the time interval can 
be as short as a few minutes, so it is useful to gain an understanding of what effect varying time 
intervals might have on accuracy and precision of derived distances.   
 
 
Research Aim 
The research aim was to determine if varying the time interval (the time elapsed between 
observing the first and second point) with RTK GNSS affects the accuracy and precision of a 
derived distance between the two points. 
 
 
Background 
At this point it is necessary to clarify the difference between point positioning standards and 
distance standards to avoid any possible confusion.  A search of the internet reveals that most 
equipment manufacturers quote horizontal precisions for RTK of around 8 to 10 mm + 1ppm 
RMS.  In these specifications, the 1ppm refers to one part per million of the baseline distance 
between the RTK base station and the rover.  For easy comparison with other standards and 
previous research, this needs to be converted to the equivalent values at 95% confidence by 
multiplying by 2.45 (since this horizontal component has two dimensions).  To demonstrate 
with an example, assuming the rover is 3km from the base station, the measurement uncertainty 
of a point at 95% would be: 
(0.008 + 1ppm x 3000) x 2.45 = 0.022 metres (22 millimetres). 
 
We use the term ‘measurement uncertainty’ for consistency with the Queensland Cadastral 
Survey Requirements (Department of Natural Resources and Mines 2015).  Since we are 
assuming only one observation to the point, measurement uncertainty will also be the ‘survey 
uncertainty’ as defined in that standard.  Similarly, we now use the term ‘relative uncertainty’ 
in accordance with that standard. 
 
This 22 millimetres is not to be confused with the uncertainty of a derived distance calculated 
between two such points.  To continue our example, and assuming both points were the same 
distance from the base station, the relative uncertainty of the distance between the points would 
be: 
SQRT (0.0222 + 0.0222) = 0.031 m (or 31 mm) 
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In summary, for the purposes of this paper, the following definitions apply: 
 ‘baseline’ refers to an RTK GNSS baseline from a base station (either single or 
networked station) to a rover. 
 ‘derived distance’ refers to a distance calculated geometrically between the coordinates 
of two RTK points. 
 ‘zero-length distance’ is a derived distance between two RTK points, both of which just 
happen to be measured at the same physical location. Because each RTK point at the 
ends of the line are actually the same physical point, the derived distance ought to be 
zero, and this can therefore be used as a standard of truth for testing. In some research 
papers these zero-length distances are called zero baselines, however we believe this is 
misleading given our adopted definition of baseline. 
 ‘measurement time’ refers to the length of time observing and averaging positions at a 
single point, and 
 ‘time interval’ refers to the elapsed time between the measurement of two separate RTK 
points from which a distance was derived. 
 
Since distance precision is under consideration, it is appropriate to discuss what standards of 
comparison could be used to determine the acceptability of the derived distances.  The vector 
accuracy from the Queensland Cadastral Survey Requirements for surveyed cadastral lines 
mentioned earlier in this paper of 10 millimetres + 50 ppm’ (Department of Natural Resources 
and Mines 2015, p. 14) has been used by other researchers and will logically be suitable as one 
comparator for this research.   
 
Previous research has also used the expected measurement accuracy of a total station as a 
standard of comparison, for obvious practical considerations.  In recent publications this has 
been around 5mm+ 5ppm and is usually justified as being a combination of manufacturer 
specifications (which can vary quite a lot) and normal set up and environmental errors.  Again, 
this will be adopted as another suitable comparator for this research. 
 
Comparisons will also be made against findings of other recent research. Gibbings and Zahl 
(2014, 2015, (Unpublished)) analysed 4350 derived distances (actually zero-length distances) 
from ten different sites with baseline lengths of approximately 450 metres, measurement time 
of 30 seconds, using a Trimble R8 GNSS rover.  The time intervals varied for the observations 
and in some cases were several hours or even days.  The rover was reset over the mark before 
each point observation to replicate a real-world cadastral surveying situation as much as 
possible, and the rover was reinitialised at each of the ten sites used.  It is also worth noting 
that their observations were taken in a period of solar max (a period of high solar activity in an 
approximate 11-year cycle, which can affect GNSS signals). Due to the large sample size, they 
calculated 95th percentile rather than the theoretical 95% confidence interval.  For their data 
with measurement time of 30 seconds, the 95th percentile was 23.7 mm with a maximum of 
120.8 mm. 
 
As a follow on to that research, (Gibbings & Zahl 2015 (Unpublished)) used a series of physical 
distances as opposed to zero-length distances.  They analysed 270 derived distances from ten 
different sites with baseline lengths of approximately 450 metres, measurement time of 30 
seconds, and a time interval of a few minutes using a Trimble R8 GNSS rover.  They noted 
some anomalies with the data, and quoted a 95th percentile of 13 mm, which they suggested 
should be used with caution.  Since this was quite different from the earlier work, they 
reprocessed their data, this time using all possible combinations of points and not just those 
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that had a short time interval between them.  This resulted in a 95th percentile of 24 mm, 
essentially the same as the earlier research.  They concluded that one explanation for the 
difference may be that the shortened time interval had a positive effect on the apparent 
precisions of the derived distances, and they subsequently recommended that this be further 
investigated with a better focused and more robust experimental design.  They also suggested 
this investigation include network RTK (NRTK), which utilises a network of reference stations, 
as well as single base RTK. 
 
In both of the above cases, the measurement environment was in a generally open area and was 
chosen to minimise site specific errors such as multipath.  A further variable that could be 
added to the experiment is the site specific error associated with multipath. 
 
 
Research Method and Data Collection 
Both the Queensland Cadastral Survey Requirements (Department of Natural Resources and 
Mines 2015, p. 95) and the Guideline for Control Surveys by GNSS (Inter-Governmental 
Committee on Surveying and Mapping (ICSM) 2014, p. 9) recommend RTK observations be 
averaged for one minute (measurement time) after successful initialisation (ambiguity 
resolution).  For this research a measurement time of one minute will be used instead of the 30 
seconds used in recent research outlined in the preceding section.  Nevertheless, qualified 
comparisons will still be made with this earlier research. 
 
Both standards also recommend re-observing RTK-only points at least 30 minutes after the 
first observation, and preferably from a different base station if using singe base RTK.  Note 
that this is not the same as ‘time interval’ since this 30 minutes refers to remeasuring the same 
point a second time, whereas we are using ‘time interval’ to denote the time between single 
observations at each end of a line.  Although the authors do not recommend this as good field 
practice, in order to isolate the elements under investigation in this research, only single 
occupations will be taken at each point and reoccupation will not be considered (though this is 
planned for a subsequent paper). 
 
Three key sets of observations were carried out to allow comparisons to be made that address 
the identified research questions.  Firstly, point observations were made using one-minute 
observation time with single base RTK in a clear environment.  All observations were taken at 
the same point allowing zero-length distances to be calculated at time intervals of five and 30 
minutes.  Secondly, a similar set of observations were taken using NRTK, and again processed 
with five and 30-minute time intervals.  Thirdly, a similar set of observations were taken using 
NRTK in a high multipath environment, and again calculations were carried out using five and 
30-minute time intervals.  The experimental design is summarised in Table 1. 
 
Table 1 - Summary of Experimental Design 
 Single Base RTK (1 min) Network RTK (1 min) 
Clear 
Environment 
5 min time 
interval 
30 min time 
interval 
5 min time 
interval 
30 min time 
interval 
High Multipath 
Environment No data collected No data collected 
5 min time 
interval 
30 min time 
interval 
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Single Base RTK Test Site 
The base antenna was a Trimble Zephyr Geodetic II, permanently fixed to the roof of a seven 
storey building via a galvanised steel pole held in place by steel stay wires that are dyna-bolted 
to the concrete roof.  The antenna has a clear uninterrupted view of the sky and, as confirmed 
by many earlier testing regimes using that station, is considered stable and free of the effects 
of multipath.  The GNSS receiver was a Trimble NetR5 housed in an air conditioned antenna 
hut two levels below the antenna.  The signal for the rover was first captured via a Trimble 
Zephyr Geodetic II that was affixed to a solid hand railing beside (only a few metres from) the 
base antenna (refer to Figure 1), and then rebroadcast for collection by the rover.   
 
 
Figure 1 - Single Base Station and Rover Antenna 
The signal was transferred, via low-loss coaxial cable and booster, to a re-broadcaster on the 
ground floor of the building.  Here the rover measurements were made using a Trimble R8 
GNSS receiver using both GPS and GLONASS satellite constellations and base corrections 
were received via a radio link.  The RTK coordinates and other data were logged from the 
receiver to a laptop computer at one second intervals for later processing, and the receiver was 
not reinitialised during the data collection process. 
 
Just over 58 hours of data was recorded (210,105 epochs).  The data was filtered to ensure all 
positions were ‘fixed’ meaning the ambiguities were resolved, the receiver was properly 
initialised, and lock had not been lost for any reason (for example birds may be sitting on the 
antenna).  Around 4% of the data (8,257 epochs) were not ‘fixed’ and were subsequently 
deleted from the data set, leaving 201,848 epochs of data.  Averaging data in 60 second groups 
(the measurement time) provided 3,364 point observations for analysis. 
 
NRTK Test Site 
The observation site was considered multipath-free with a wide unrestricted view of the sky 
and was located in a well-protected position on an acreage property.  It is at a similar latitude 
and approximately 150 km to the east of the Single Base Site.  Six Continuously Operating 
Reference Stations (CORS) that were used in the NRTK corrections were located within a 20 
km radius of the test site. 
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The rover in this case was a Leica Viva GS16 GNSS Smart Receiver, collecting data from 
GNSS satellites, set up over a stable ground mark using a standard tripod and tribrach with 
optical plummet.  The tripod was set low to the ground for additional stability, and was 
monitored throughout the observation period to ensure there was no movement.  Although this 
may not be considered as stable as the single base rover set up, it is still considered sufficiently 
stable to allow comparisons to be made.  Data streams from the rover were sent to a Tablet PC 
(used as an external data recorder) via Bluetooth.  Rover measurements were recorded at one 
second intervals for later processing and analysis, and the receiver was not reinitialised during 
the data collection process. 
 
A total of 12 hours of data or approximately 43,200 epochs were recorded.  The data was 
filtered to ensure all positions were ‘fixed’ meaning the ambiguities were resolved, the receiver 
was properly initialised, and lock had not been lost.  Averaging data in 60 second groups (the 
measurement time) provided 720 point observations for analysis in the multipath-free 
environment. 
 
At the same site, multipath was introduced to the rover and the observation process was 
repeated.  Multipath was introduced by placing a large reflective disc below the antenna, and 
other reflective surfaces around the antenna to the East, West, and South (to allow data to be 
collected from as many satellites as possible since the testing was in the Southern Hemisphere 
and most satellites will tend to be to the North).  Later analysis of the data confirmed that this 
did in fact affect the results and we are therefore confident that multipath was introduced at the 
site. 
 
A further 43,200 epochs were recorded.  Averaging data in 60 second groups (the measurement 
time) resulted in a further 720 point observations for analysis in the multipath environment. 
 
 
Data Processing and Analysis 
 
Single Base RTK Test Site 
To validate the data, the 201,848 point observations were statistically analysed.  The 95% 
confidence interval for East coordinates was 8.2 mm and for North coordinates was 7.6 mm, 
or 11.2 mm radial horizontal (ignoring the direction).  These results were similar to earlier 
research, for example Janssen and Haasdyk (2011) who reported horizontal RMS value of 4.29 
mm for a base station 13 m away from the rover, which equates to 10.5 mm horizontal at 95%.  
The conclusion was that there were no major issues with the data and the equipment was 
behaving as expected from comparison with previous research. 
 
A series of zero-length distance were then calculated for the one-minute measurement time 
data: firstly, with a time interval of five minutes; and secondly, with a 30-minute time interval.  
The 3,364 positions allowed 3,021 zero-length distances to be calculated for five-minute time 
interval, and 2,720 zero-length distances to be calculated for the 30-minute time interval.  For 
the five-minute time interval in multipath-free environment the maximum distance error was 
0.0332 m with 95% of the distance errors within 0.0089 m.  For the 30-minute time interval in 
multipath-free environment the maximum distance was 0.0300 m with 95% of the distance 
errors within 0.0120 m. 
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NRTK Test Site 
To validate the data, the 86,400 point observations were statistically analysed.  For multipath-
free observations, the 95% confidence interval for East coordinates was 8.3 mm and for North 
coordinates was 9.0 mm or 12.4 mm radial horizontal ignoring the direction.  These results are 
slightly higher than the Single Base RTK data (8.2 mm and 7.6 m respectively), and similar to 
earlier research, for example Janssen and Haasdyk (2011) who reported horizontal RMS value 
in a range from 4.19 mm to 25.69 mm at four separate test sites.  This equates to 10.3 mm to 
62.9 mm horizontal at 95%, and our results fall within this range.  Again, for this test site, the 
conclusion was that there were no major issues with the data.  One reason the results are slightly 
higher than the single base data could be that the single base data was collected in a very stable 
environment (physically and environmentally) while the NRTK data was collected in the open 
air from equipment mounted on a tripod. 
 
For multipath observations, the 95% confidence interval for East coordinates was 78.5 mm and 
for North coordinates was 132.1 mm.  Clearly, this is substantially larger than the multipath-
free observations, and provides confidence that the site was actually experiencing multipath. 
 
A series of zero-length distances are now calculated for the one-minute measurement time data: 
firstly, with a time interval of five minutes; and secondly, with a 30-minute time interval.  The 
720 positions allowed 715 zero-length distances to be calculated for five-minute time interval, 
and 690 zero-length distances to be calculated for the 30-minute time interval.  For the five-
minute time interval in multipath-free environment the maximum distance error was 18.4 mm 
with 95% of the distance errors within 10.2 mm.  For the 30-minute time interval in multipath-
free environment the maximum distance was 24.0 mm with 95% of the distance errors within 
16.6 mm. 
 
For the five-minute time interval in multipath environment the maximum distance error was 
588.7 mm with 95% of the distance errors within 150.0 mm.  For the 30-minute time interval 
in multipath-free environment the maximum distance was 682.9 mm with 95% of the distance 
errors within 276.6 mm.  Results are summarised in Table 2. 
 
Table 2 - Summary of results for zero-length distance errors 
 Single Base RTK (1 min) 
Trimble R8 
Network RTK (1 min) 
Leica Viva GS16 
Clear 
Environment 
5 min time interval 
n = 3,021 
95th pc = 8.9 mm 
max = 33.2 mm 
30 min time interval 
n = 2,720 
95th pc = 12.0 mm 
max = 30.0 
5 min time interval 
n = 715 
95th pc = 10.2 mm 
max = 18.4 mm 
30 min time interval 
n = 690 
95th pc = 16.6 mm 
max = 24.0 mm 
High Multipath 
Environment No data collected No data collected 
5 min time interval 
n = 715 
95th pc = 150.0 mm 
max = 588.7 mm 
30 min time interval 
n = 690 
95th pc = 276.6 mm 
max = 682.9 mm 
95th pc refers to the 95th percentile. 
 
 
Discussion 
Three comparisons are discussed: 
1. 5 minute versus 30 minute time interval observations; 
2. Single Base versus NRTK in clear sky environment, and 
3. Clear sky environment versus high multipath environment observations. 
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5 Minute versus 30 Minute time interval observations 
In each case when averaging data on points for one minute, regardless of receiver manufacturer, 
and regardless of whether multipath is present or not, a time interval of five minutes between 
measuring points at each end of a line produced more accurate results than a 30-minute time 
interval.  This could be explained by the fact that there is less chance of the site specific 
elements changing and also less likelihood the satellite geometry would have changed in five 
minutes compared to 30 minutes.  The problem with this logic is that if these elements have 
not changed significantly, then can we really consider the observations as independent when 
they are taken as close together in time as five minutes? 
 
For the single base RTK the 95th percentile with 5-minute time interval was 8.9 mm and for 
30-minute time interval was 12.0 mm.  This is a little lower than the findings of (Gibbings & 
Zahl 2015 (Unpublished)) who quoted a 95th percentile of 13 mm with a short time interval, 
and 24 mm with all possible time intervals, which prompted a suggestion that the shortened 
time interval may have had a positive effect on the apparent precisions of the derived distances.  
This is to be expected since they used several manual set-ups over several sites in what was 
described as real-world cadastral surveying situations and they averaged data for 30 seconds, 
while this paper reports on one-minute observations taken in more laboratory-like conditions 
in order to isolate some of the effects. 
 
It is interesting to note that in the worst case (NRTK with 30-minute time interval) the 
minimum line distance necessary to meet the 10 millimetres + 50 ppm specification is 132 
metres.  This distance would increase to 2.32 km to meet the 5 millimetres + 5 ppm 
specification. 
 
It is also interesting to consider the maximum zero-length distances.  Even if points at each end 
of a line are measured close together in time, and there are good site conditions with no apparent 
multipath, there are still instances where the zero-length distances are around the 2 to 3 
centimetre mark.  To put this in context, with a zero-length distance of 25 mm, the minimum 
line distance necessary to meet the 10 millimetres + 50 ppm specification is 300 metres.  This 
distance would increase to 4 km to meet the 5 millimetres + 5 ppm specification.  This is 
consistent with Gibbings and Zahl (2014, 2015, (Unpublished)) who found, with measurement 
time of 30 seconds with single base RTK, the 95th percentile was 23.7 mm. 
 
Single Base versus NRTK in clear sky environment 
Making comparisons between the single base and NRTK configurations is challenging since 
different receivers were used at different sites.  This means differences may not be just isolated 
to the different configurations, but instead may be attributed to several other sources.  Further, 
the accuracy of the single base will be dependent on the baseline distance, which was only a 
few metres in this case, so it is difficult to generalise from this data set.  To compound this 
problem, the RTK horizontal accuracy stated in the two manufacturer’s technical specifications 
are not quite the same (though the authors’ believe they are similar enough to make some 
comparison).  The Trimble R8 technical specification data sheet (Trimble Navigation Limited 
2004) states a horizontal kinematic (RTK) accuracy of 10 mm + 1 ppm RMS (at the one sigma 
level), whereas the Leica Viva GS16 technical specification data sheet (Leica Geosystems AG 
2016) states a horizontal kinematic (RTK) accuracy of 8 mm + 1 ppm (no confidence level is 
stated).  Nevertheless, a comparison is useful for practical reasons, even if the findings cannot 
be considered definitive. 
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The 5-minute results are better for the single base configuration (8.9 mm versus 10.2 mm) 
while the NRTK configuration results were better for the 30-minute time interval (12.0 mm 
versus 16.6 mm).  For practical purposes, and given the anomalies mentioned, these differences 
are not considered significant.   
 
Clear sky environment versus high multipath environment observations 
As expected given the earlier discussion on point position analysis, the difference between the 
clear sky observations and the high multipath environment are considerable.  For the 5-minute 
time interval the zero-length distance accuracy at 95th pc in the clear sky environment was 10.2 
mm (with a maximum of 18.4 mm) and this increased to 150.0 mm (with a maximum of 588.7 
mm) in the high multipath environment.  For the 30-minute time interval the accuracy at 95th 
pc in the clear sky environment was 16.6 mm (with a maximum of 24.0 mm) and this increased 
to 276.6 mm (with a maximum of 682.9 mm) in the high multipath environment.  The results 
in high multipath are not acceptable for most surveying applications and clearly do not meet 
any of our accuracy specifications. 
 
A point to note on high multipath observations is that the averaging function on the controllers 
was not used in our testing, instead we logged RTK corrected data and carried out manual 
averaging.  This means we bypassed some of the helpful quality checks that manufacturers 
build into their data collection software.  It is expected that if observations were taken in our 
high multipath environment with the normal data logging software, then the user would be 
alerted to the low quality data by ‘high RMS’, ‘low coordinate quality’ and other such 
warnings.  Nevertheless, lower levels of multipath can be difficult to detect and it is possible 
that these warnings may not be enough to avoid errors associated with multipath. 
 
Considerable effort was taken to force high levels of multipath in this testing, and the results 
are therefore not indicative of what might be encountered in normal surveying projects.  
Although the effects are large due to the abnormally high levels of multipath, the results do 
highlight the effect multipath can have on accuracies and are therefore useful.  It is expected 
that lower levels of multipath may have less dramatic effects on accuracy, though this was not 
tested.  In many cases, practitioners may not be aware multipath at any level is present when 
using RTK, so it is worthwhile being aware of any potential multipath at observation sites and 
taking appropriate remedial action where necessary.  Such actions might include measuring 
and averaging for longer periods, and repeating observations at least 30 minutes later as 
recommended in the standards referenced earlier in this paper. 
 
Concluding Remarks 
In summary, when averaging data on points for one minute, regardless of receiver 
manufacturer, and regardless of whether multipath is present or not, a time interval of five 
minutes between measuring points at each end of a line produced more accurate results than a 
30-minute time interval.  This result is consistent with earlier research, but the qualification is 
that the five minute interval measurements may not be considered independent. 
 
It is appropriate to finish by pointing out that these tests are by no means definitive (although 
they are generally consistent with previous research).  During the analysis we have made some 
assumptions as explained, and some comparisons involve many different variables, for 
example different receivers, different accuracy specifications, different observation times.  We 
leave it to the reader to determine the validity of our comparisons and their usefulness.  The 
results presented in this paper represent what was discovered at those particular times, at those 
sites, on those dates, with that equipment and operators.  Again, we leave it to the reader to 
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decide if the results are generalizable.  Finally, it is worth once again remembering the 
maximum values quoted in the analysis table: we have based some of our discussions on 95th 
percentile, but don’t forget about the other (approximately) 5% of results! 
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